The moa (Aves: Dinornithiformes) of New Zealand represent one of the extinct iconic taxa that define 18 the field of ancient DNA (aDNA), and after almost two decades of genetic scrutiny of bones, feathers, 19 coprolites, mummified tissue, eggshell, and sediments, our knowledge of these prehistoric giants has 20 increased significantly. Thanks to molecular and morphological-based research, the insights that have 21 been obtained into moa phylogenetics, phylogeography, and palaeobiology exceeds that of any other 22 extinct taxon. This review documents the strengths of applying a multidisciplinary approach when 23 studying extinct taxa but also shows that cross-disciplinary controversies still remain at the most 24 fundamental levels, with highly conflicting interpretations derived from aDNA and morphology. Moa 25 species diversity, for example, is still heavily debated, as well as their relationship with other ratites 26 and the mode of radiation. In addition to increasing our knowledge on a lineage of extinct birds, 27 further insights into these aspects can clarify some of the basal splits in avian evolution, and the 28 evolutionary implications of the breakup of the prehistoric supercontinent Gondwana. Did a flightless 29 moa ancestor drift away on proto New Zealand (Moa's Ark) or did a volant ancestor arrive by flight? 30
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Here we provide an overview of 19 years of aDNA research on moa, critically assess the attempts and 31 controversies in placing the moa lineage among palaeognath birds, and discuss the factors that 32 facilitated the extensive radiation of moa. Finally, we identify the most obvious gaps in the current 33 knowledge to address the future potential research areas in moa genetics. 34
Introduction 39
Although the past 25 years of ancient DNA (aDNA) research have offered many highlights, it has 40 perhaps been the DNA from remains of large charismatic extinct animals (megafauna) that has 41 defined the field, and attracted the attention of molecular biologists interested in the past. Ancient 42 DNA has been extracted and analysed from extinct megafaunal species such as woolly mammoth 43 (Mammuthus primigenius) (e.g., Greenwood et and DNA-profiled fossils, no other extinct taxon has been studied as intensively with molecular 47 technology as the New Zealand moa (Aves: Dinornithiformes). These giant wingless graviportal birds 48 (Figure 1 ) have fascinated scientists and the public ever since the famous British anatomist Sir 49
Richard Owen was given the partial shaft of a moa femur in 1839 and predicted the existence of a 50 large flightless Struthious bird in New Zealand (Owen, 1840) . 51
Evidence from both molecular and morphological studies have shown that moa were palaeognaths 52 (Cracraft, open ilioischiatic foramen, and rhamphothecal grooves (Bock, 1963; Cracraft, 1974) . The distribution 55 of extant palaeognaths is restricted to the Southern Hemisphere, and includes the tinamou 56 (Tinamidae) from South America, and the 'ratites' whose monophyletic relationship has recently been 57 seriously questioned (see Section 3). The extant 'ratites' consist of the ostrich (Struthio camelus) from 58 Africa; emu (Dromaius spp.) and cassowary (Casuarius spp.) from Australia and New Guinea, kiwi 59 (Apteryx spp.) from New Zealand, and the rhea (Rhea spp.) from South America. All 'ratites' have 60 highly reduced wings, but in moa these have been completely lost (Worthy and Holdaway, 2002 (Anderson, 1989a) , and represent the most 71 compelling evidence that all nine recognised moa species (Bunce et al., 2009; Gill et al., 2010) were 72 hunted to extinction. The model presented in Holdaway and Jacomb (2000a) suggested that moa could 73 have been driven to extinction within a century of human colonisation, although debate still surrounds 74 the exact period of moa-human overlap (Anderson, 1989b (Anderson, , 2000 Holdaway and Jacomb, 2000b) . two decades of aDNA research on moa, it seems timely to look back, provide an overview of the 79 achievements, and identify the gaps in our knowledge. This is particularly pertinent because Next 80 Generation Sequencing (NGS) technology (e.g., Marguelis et al., 2005 ) is presently revolutionising 81 molecular biology, and this 'revolution' has also affected the field of aDNA (Millar et al., 2008) , most 82 notably with the sequencing of whole ancient genomes (Green et al., 2010; Rasmussen et al., 2010; 83 Reich et al., 2010) . By assessing previous genetic research on moa, the future directions of aDNA 84 research on these birds can be discussed in light of the potential offered by NGS. 85
A 'status report' considering only the genetic aspects of moa research would be ignoring the other 86 major contribution to our current knowledge, namely analyses of morphological variation. This 87 review is not aimed at presenting an equivalent overview of morphological-based moa research 88 (reviewed by Anderson, 1989a; Worthy and Holdway, 2002) , but realising that molecular biologists 89 and palaeontologists have used vastly different methods to address the same topics, provides an 90 interesting opportunity to assess the interactions arising from such a situation. Reaching a consensus 91 has often been problematic and in some aspects the debate is ongoing. The second and major part of 92 this review will focus specifically on two aspects of moa evolution that have been thoroughly 93 addressed within both research areas: (1) the early evolutionary splits in the 'ratites' and in particular, 94 how moa evolved and when they arrived in New Zealand; and (2) the extensive radiation of the moa 95 lineage in the New Zealand archipelago. 96
We will review the research from a molecular perspective, but will include results from 97 morphological-based moa research to examine strengths and caveats associated with both approaches. 98 99 Although doing little justice to a long standing debate with many interesting aspects, the two opposing 202 theories regarding the evolution of moa can be summarised as: (1) moa and kiwi are sister-taxa, 203
Summarising nineteen years of moa genetics
evolving from a common ancestor that was isolated on proto New Zealand (hereafter referred to as 204 Zealandia) with the breakup of the ancient supercontinent Gondwana (Figure 3 have been isolated on Zealandia by continental drift. Rather, two independent colonisation events had 242 taken place. Because of the relative branching order, it was suggested that the ancestors of moa were 243 isolated on Zealandia when it separated from eastern Gondwana (Figure 3 ), whereas the kiwi, 244 diverging later, had arrived in New Zealand by swimming or island-hopping (also suggested by Sibley 245
and Ahlquist, 1981). The early molecular work on moa was extended in several other studies adding 246 additional mitochondrial and nuclear DNA sequences (Cooper 1993, 1997) ( from extant 'ratites' and two species of tinamou were also included, and the study confirmed that 256 'ratites' were monophyletic, with rhea basal, followed by moa, ostrich, and the Australasian clade 257 (emu, cassowary and kiwi). To calibrate a molecular clock and estimate a mutation rate for mtDNA, 258 the divergence of moa from all other 'ratites' was fixed at 82 million years ago (Mya), when 259
Zealandia was believed to have separated from Gondwana (Cooper et al., 2001) ( Figure 3 ). By doing 260 so, it was estimated that all 'ratite' taxa except kiwi had a Gondwanan vicariant history and diverged 261 during the Late Cretaceous, followed by the subsequent dispersal and speciation of kiwi about 65-72 262
Mya. 263
The results were confirmed in a largely similar study of ratite mtDNA genomes, except that moa was 264 recovered as basal among 'ratites' (Haddrath and Baker, 2001 However, recent research has suggested that the story is likely to be more complex. When detangling 274 prehistoric dispersal events on an evolutionary time scale, one has to consider that dispersal capability 275
is not a static measure. 276 analyses, and the placement of this lineage remained unclear. 300
The most recent molecular contribution was based on complete mtDNA genomes of 'ratites', 301 including moa (also involving two kiwi mtDNA genomes and several outgroup taxa), and provided a 302 solid independent confirmation that 'ratites' are paraphyletic ( Following the breakdown of the 'ratite' vicariance theory, it was suggested that Gondwana might not 321 be the geographical origin of palaeognaths (Phillips et Thus, though the exact number of moa species is debatable, geneticists and morphologists agree on 550 the taxonomy and branching order above species level ( Figure 5 ). 551
Genetic research has also provided opportunities to study the timing of moa radiation. While these are plausible interpretations, the applied molecular clock rate is likely to be incorrect as a 576 result of using the 82 million year (My) Gondwana-Zealandia split -this calibration point has 577
subsequently been shown to be invalid because of the suggested volancy of ancestral 'ratites' In summary, the overall taxonomic and phylogenetic relationships at family and genus level in moa 620 are now fully resolved ( Figure 5 ), but it seems likely that the taxonomy at the species level will be 621 revised in the future, perhaps once nuclear data can contribute to the debate. The examples discussed 622 above demonstrate how molecular data have provided significant advances in studying the nature and 623 timing of very complex radiation events, but at the same time it is clear that different molecular 624 methods can produce vastly different results (in this case the diversification date of Megalapteryx 625 differing by ~13My) depending on the information that is incorporated into the analysis. 626 627
The future of moa genetics 628
The last 19 years of aDNA research on moa has generated as many new questions as answers and 629 there are many aspects of moa evolution and biology that are still unresolved. Even at the most basal 630 level, regarding the early avian evolutionary splits and the radiation of palaeognaths, we have 631
probably not heard the last. For example, sequencing of the extinct elephant bird mtDNA genome is 632 likely to be possible given the recent encouraging results from elephant bird eggshell (Oskam et al., 633 2010), and may result in additional rearrangements of the palaeognath phylogeny. In addition, Next 634 Generation Sequencing platforms are responsible for enormous amounts of data becoming available, 635 and ever more sophisticated methods for handling and analysing genetic data could also revise our 636 current knowledge of palaeognath evolution. Although the most recent molecular publications on this 637 matter appear to be approaching a consensus this problem, however, will require more fossil finds from this period rather than more aDNA 644 analyses of the Quaternary moa fauna. 645
Moreover, species level taxonomy is highly problematic, including the taxonomy and branching order 646 in the genera Euryapteryx, Megalapteryx and Pachyornis. Next Generation Sequencing may have a 647 significant role to play in clarifying moa taxonomy -for example by sequencing a large number of 648 full mtDNA genomes and nuclear genes from all the identified moa lineages. This could provide a 649 strong basis for a re-evaluation of the taxonomy. The potential of this technique is demonstrated by a 650 recent phylogeographic study on killer whales that generated a highly informative dataset by 651 sequencing the complete mtDNA genomes of 139 individuals (Morin et al., 2010) . Although an 652 equivalent study on fragmented moa DNA would be a much bigger challenge, there is little doubt that 653 it can be done with the technology available. This is exemplified by the 18 complete mammoth 654 mtDNA genomes sequenced in Gilbert et al. (2008) . In time, the complete nuclear moa genome might 655 be sequenced, as has recently happened with three ancient hominids (Green et al., 2010; Rasmussen et 656 al., 2010; Reich et al., 2010). However, before a nuclear genome from an extant palaeognath has been 657 mapped to work as a scaffold, the problems might easily overshadow the benefits in doing a full de 658 novo assembly on moa sequences. 659
As Table 1 
672
Having access to a large number of well preserved moa fossils from a large number of well 673 characterised sites offers an opportunity unmatched elsewhere, to build and explicitly test models of 674 megafaunal population demography against empirical data. 675 Dinornis at 300,000-1.4 million individuals. By assuming that the other moa species had similar 679 population sizes, the total standing census population size of moa was estimated at 3-12 million. The insights from these investigations and the resulting taxonomic rearrangements were only 715 achieved by combining genetic data with morphological assessments and palaeoecological 716 information of species distributions. Combining data across scientific disciplines seems highly 717 advisable when studying the taxonomy of closely related extinct taxa, where the level of reproductive 718 isolation is very difficult to assess. 719
Despite these cross-disciplinary benefits, clear contradictions between morphological and genetic 720 research were also documented. In particular, the deep splits in palaeognath evolution have remained 721
controversial (e.g., Bourdon et al., 2009; Phillips et al., 2010) (Figure 4 ). Recent molecular studies 722 point strongly towards 'ratites' as paraphyletic, and suggest that palaeognath evolution could have 723 been driven by long range dispersal rather than Gondwanan vicariance, although several dispersal 724 scenarios are possible (Figure 3 ). In addition, the molecular evidence for moa and kiwi not being 725 sister taxa is overwhelming. To our knowledge, only a single morphological study in recent times 726 claims otherwise by supporting vicariance and a common ancestor of the New Zealand 'ratites' 727 (Bourdon et al., 2009) . Although this review is not aimed at resolving the controversy, we argue that 728 more supporting morphological evidence is required (e.g., not using Tinamidae as a fixed outgroup) to 729 'tip the balance' back in favour of a strict vicariance hypothesis. 730
Our review has also showed that subjectivity is not limited to morphological studies but can affect 731 genetic research as well, even if the data analyses are highly complex. While it is near impossible to 732 misinterpret character states in a clean DNA sequence (as each site is represented by either A, C, T, or 733 G), subjectivity has instead been introduced at the analytical level. Examples of this include enforcing 734 'ratite' monophyly, as has occurred in some of the earlier research (both molecular and 735 morphological), and the exclusion of DNA sequences that resulted in a topology that differed from the 736 predominating view. In that sense, genetic analyses are not necessarily less influenced by subjectivity 737 than analyses of morphological characters. 738
Detailed information from several scientific disciplines has increased the knowledge on moa to an 739 unprecedented level for any extinct taxa -indeed our knowledge of genetic diversity in moa is now 740 greater than that of most extant palaeognaths. However, these genetic insights could not have been 741 achieved if they had not been considered in the context of 150 years of morphological and 742 palaeontological achievements. In that sense, the history of moa research is a shared inter-disciplinary 743 triumph. 744 745
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